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Abstract. Recent technological advances have made measurements of
UV doses and ozone column amounts with multichannel filter instru-
ments not only possible, but also an attractive alternative to other more
labor-intensive and weather-dependent methods. Filter instruments can
operate unattended for long periods of time, and it is possible to obtain
accurate ozone column amounts even on cloudy days. We present re-
sults from extensive comparisons of the performance of several Norwe-
gian Institute for Air Research UV (NILU-UV) and ground-based (GUV)
filter instruments against Dobson and Brewer instruments and the earth
probe—total ozone mapping spectrometer (EP-TOMS) instrument. The
data used in the comparisons are from four different sites where we have
had the opportunity to operate more than one type of UV instrument for
extended periods of time. The sites include the University of Oslo, Nor-
way; Ny-Alesund, Spitzbergen, Norway; the National Aeronautics and
Space Administration (NASA) Goddard Space Flight Center facilities at
Wallops Island, Virginia, and Greenbelt, Maryland; and the University of
Alaska, Fairbanks. Our results show that ozone column amounts ob-
tained with current filter-type instruments have an accuracy similar to
those obtained with the Dobson instrument. The mean difference be-
tween NILU-UV and Dobson direct sun measurements were 0.4+1.9%
(10) in Oslo for the period 2000 to 2003. The difference between a GUV
and the same Dobson was 1.7+1.4% for the same time period. The
mean difference between GUV and TOMS in Ny-Alesund 79 deg N and
Oslo 60 deg N in the period 1996 to 1999 was <0.5+3% for days with
noon solar zenith angles (SZAs)<80 deg. © 2005 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1885473]

Subject terms: filter instruments; Dobson; Brewer; total ozone mapping spec-
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instrument are accurate and that the influence of clouds on
derived ozone column amounts is small. We used data from
filter instruments at stations covering latitudes from 38 to
networks® Multichannel filter radiometers have no moving 79 deg_N and compared them with data from standard
' ) - : ozone instruments such as Brewer, Dobson, and the total
parts, are easy to calibrate, and require little attention. The 4 mapping spectrometéFOMS) instrument aboard
instruments are primarily designed to measure irradiancesihe Earth Probe satellite. We also discuss the solar zenith
spectrum. However, a method for derivation of biologically column amounts. Erythemal UV dose rateseasured with
weighted UV doses, cloud effects, and total ozone instruments from two different manufacturers are com-
columng makes the instruments more interesting and use- pared.
ful to the scientific community. The objective of this paper
is to show that ozone columns derived from this type of 2 Methodology

The methodology for deriving UV doses, total ozone col-
umn amounts, and cloud effects are only briefly described

1 Introduction

Multichannel filter instruments have become popular re-
cently and are now used in several national UV monitoring
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here since details can be found eIsewﬁeIIfeR-'(}\) is the Table 1 Center wavelengths and bandwidths for NILU-UV and GUV
! when they are exposed to a solar spectrum at SZA=40 deg and

relative spectral response of channehe absolute respon-  ,5ne amount 320 Dobson units (DU).
sivity Rj(\) is related toR/ (\) by

GUV NILU-UV

Ri(M) =ki[R{(\)]. (1) Center  Bandwidth ~ Center  Bandwidth
Channel No. (nm) (nm) (nm) (nm)
The raw signal from channélV;, depends on the spectral 1 306 5 304 5
irradiance of the radiation the instrument is exposed to, 2 314 8 311 9
F(\), and the spectral response function: 3 320 10 318 10
4 340 10 336 10
5 380 7 378 6

Vi Jmki[Ri’(M][F(x)]dA. @
0

) o free atmosphere if the surface is not snow covered. In Oslo,
Thek; can be considered to be a calibration factor for chan- we find that the CLT for a cloud-free sky is typically 95 to
neli. This calibration factor is determined by exposing the 100%. In other locations with heavier aerosol loading, the
instrument to a known sourdee., a lamp traceable to the  CLT value for a cloud-free sky value will be lower. CLT is

National Institute of Standards and Technold®yST) or used to filter out ozone measurements that are affected by
the surj. Note F(\) was measured by a well-calibrated clouds. Experience from measurements in Oslo since 1995
spectroradiometer. Once the calibration fadtpiis deter- indicates that if the CL®30%, the influence of clouds on

mined from Eq.2), it can be used to simulate the output of the measured ozone column amount is negligible. The error
channeli (i.e., the raw signalfor any given spectral irra-  in retrieved ozone due to clouds increases with surface al-
diance F(\). All our filter instruments were calibrated bedo. Radiative transfer calculatidrshow that for a sur-

against a double-monochromator Bentham spectroradiom-face albedo of 0.8 and a cloud of optical depth 100 between
eter at the Norwegian Radiation Protection Authority with 2 and 4 km, the retrieved ozone column is overestimated by
the sun as the radiation source and the relative spectral~6%. The reason for this larger error can be explained by
responses were measured in their calibratiorf lsbte that multiple reflections between the cloud and the surface lead-
only one single spectrum is required to perform the calibra- ing to increased c%ath length for the photons and thus in-

tion. creased absorpti
Total ozone is determined by comparing a calculated  Biologically effective UV doses weighted with any ac-
and measured irradiance ratio tion spectrumA(\) are determined by a weighted sum of
the measured raw signals
v D=¢2,0)> aV,. (5)
=1

where Z is the solar zenith angleQ) is the total ozone

amount, and andj refer to two channels with different Thea;s are coefficients that depend on the biological action
ozone absorptions. A number of channel ratios can be usedspectrum chosen. The error functiefiz,{)) depends on
since we have four to five channels available. The calcula- solar zenith ang|§ and the total ozone amouft. How-
tions are based on a radiative transfer madehere the ever, €(z,Q)) is normally close to unity.

curvature of the atmosphere is taken into accSufihe

calculations are done for Clear-slé% conditions only becauses |nstruments and Locations

the ratio is little affected by clou . . .
The influence of clouds on the measured irradiances CanThe filter instruments we use consist of a ground-based UV

be described in terms of a “cloud transmission factor” (GUV) instrument(manufactured by Biospherical Instru-

(CLT). For a UV-A channej that is weakly or unaffected ~ Ments, San Diego, California, U3Aand the Norwegian
by ozone absorption, we define CLT as Institute for Air Research UV(NILU-UV) instrument

(manufactured by NILU Products, Kjeller, NorwayThe

V_measurefiz)
CLT= '—, (4) Table 2 The instruments used in this paper and their locations.

V_calculate(g Z)

I
Site Latitude Ozone Instruments

The denominator in Eq4) is the calculatet®®® clear-sky  0slo 60 degN  Dobson, Brewer, 2 NILU-UVs, GUV
irradiance using Eq(2) with no aerosols and zero surface ny-Alesund 79 degN  GUV
albedo. at splar zgnith ang]?e andVimeaS”refZ) isthe mea-  wallops Island 38 degN  Dobson, NILU-UV
sured irradiance in channelat solar zenith angl€. The Fairbanks 65degN  NILU-UV, 2 Dobsons

CLT is thus expected to be close to unity for a clean cloud-
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Fig. 1 Comparison of daily ozone measurements from NILU-UV 13 and Dobson 56 in Oslo for 2000
to 2003. The mean difference is 0.4£1.9%.

GUV and NILU-UV are equipped with four to five chan- [EANROV)F(N,Z,Q)dN
nels covering the UV and visible parts of the solar spectrum ) .= 0 i .
and having bandwidths of 5 to 10 nm FWHull width at JoRIMF(N,Z,Q)d\

half maximum, as shown in Table 1. The instruments are

equipped with an internal heater and are stabilized to 40°C.The center wavelength, will generally vary withZ and
The time resolution of the measurements is 1 min. Some of for a UV-B channel also on the total ozone amo(ntThe
the instruments also have a photosynthetically active radia-values of\ . and the corresponding bandwidths for 320 DU
tion (PAR) channel(400 to 700 nmy, but this is not consid-  and a solar zenith angléSZA) of 40 deg are shown in
ered here. We define an effective center wavelength in aTable 1. An overview of the instruments and their locations

channel\ . by are given in Table 2.
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Fig. 2 Comparison of daily ozone measurements from GUV 9222 and Dobson 56 in Oslo for 2000 to
2003. The mean difference is 1.7+1.4%.
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Fig. 3 Comparison of daily GUV and TOMS ozone measurements in Oslo for 1996 to 1999. Cloudy
days (CLT>30%) are included.

4 Results tion). A similar comparison for the Oslo GUV 9222 and the
) Dobson is shown in Fig. 2 for the same time period. The
4.1 Daily Ozone Measurements mean difference is 171.4%. No pronounced seasonal

A comparison of daily total ozone measurements from variations in the ratios are observed for the NILU-UV or
NILU-UV 13 and direct sun measurements from Dobson the GUV.

56 in Oslo for 2000 to 2003 is shown in Fig. 1. The dis-  The GUV instruments have been in continuous opera-
tance between the instruments is approximately 20 km. Thetion in Oslo and Ny-Aesund, Spitzbergen, since 1995.
Dobson measurements are performed withih from local Comparisons of ozone column amounts derived from these
solar noon and the NILU-UV measurements are based on aGUVs with satellite measurements from the Earth Probe
1-h average around local solar nomormally 60 single TOMS instrument for 1996 to 1999 are shown in Figs. 3
measurementsThe mean differencéILU-UV-Dobson)/ and 4. The data contain cloudy as well as clear skies. In
Dobson for the 3-yr period is 0:41.9% (1 standard devia-  Oslo, for days 80 to 26@which is the season when the
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Fig. 4 Comparison of daily GUV and TOMS ozone in Ny-Alesund for 1996 to 1999. Cloudy days
(CLT>30%) are included.
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Table 3 Comparison of NILU-UV and GUV with Dobson and TOMS (*+10).

NILU-UV/ GuVv/ GUV/ GUV/
Site Dobson' Dobson* TOMS? TOMS®
Oslo 1.004+0.019 1.017+0.014 1.002+0.032 1.000+0.025
Ny-Alesund 1.001+0.033 1.004+0.033

'Dobson AD direct sun 2000 to 2003.
’Days with SZA<80 deg, cloudy days included (CLT>30%), 1996 to 1999.
Days with SZA<60 deg, cloudy days (CLT>30%) are included, 1996 to 1999.

noon SZA is less than 60 deghe relative difference is 83 within +2% (Fig. 5). Another NILU-UV, 29, has been in
0.0+2.5%. For the entire year, the difference 0.4 continuous operation for about a year at Wallops Island,
+3.9%, but this includes the 2-month period when the SZA Virginia, USA, and has shown to be in excellent agreement
at noon is larger than 80 deg and the column amounts de-with Dobson 38. One example is shown in Fig. 6, where
rived from both instruments depend on the ozone profile. both instruments show a large decrease on January 24,
The relative difference for Ny-Kesund for the period  2003.
March 20 to September 20 when the SZA is less than 80 A detailed comparison of Brewer 42 direct sun measure-
deg is 0.13.3%. As discussed in Secs. 2 and 4.2, ozone ments and NILU-UV 13 measurements in Oslo, Norway,
measurements in Oslo for which CKB0% are sensitiveto  on day 197 is shown in Fig. 7. Both instruments show a
clouds, and these ozone measurements are therefore filteredteady increase in ozone from morning to evening. Also
out. The surface albedo at Nyigsund is usually high most  shown is the variation in CLT. Note that the NILU-UV
of the year. Thus, it is not obvious that the CLT criterion ozone is very little affected by the changing cloud cover
used to the Oslo data is suitable to the Npgund data  during the day.
because the cloud effect increases with increasing surface
albedo. However, a CLE30% criterion is used also to the
Ny-Alesund data in Fig. 4, and we note that the agreement#-2 Cloud Effects
with TOMS is similar to the Oslo data in Fig. 3. A possible Ozone column amounts derived from the GUV and
explanation is that the clouds are usually thin in the high- NILU-UV instruments are nearly insensitive to clouds, if
albedo season in NydAsund and therefore the cloud- the cloud optical depth is below a certain val(@ the
albedo effect on the measured ozone columns amounts areloud transmission CLT is above a certain valuggure 8
rather small. The results of the comparisons of NILU-UV shows how sensitive the measured ozone column amount is
and GUV with Dobson and TOMS are shown in Table 3. to CLT in the period of days 240 to 250, 2002, in Oslo.
NILU-UV 21 was compared with two Dobson spectro- Each single 1-min-average ozone measurement from
photometers in Fairbanks, Alaska, in a 2-week period in NILU-UV 13 is divided by the noon ozone value based on
spring 2001. The NILU-UV agreed with Dobsons 63 and Brewer direct sur(ds in Fig. 8 measurements and plotted
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Fig. 5 Comparison of NILU-UV 21 with Dobsons 063 and 083 at Fairbanks, Alaska, 2001. NILU-UV
21/Dobson 063 (squares), NILU-UV 21/Dobson 083 (diamonds).
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Fig. 6 Dobson (squares) and NILU-UV 29 (solid line) measurements at Wallops Island on day Janu-
ary 24, 2003. (Coordinated universal time: UTC).

as a function of CLT. Days 240 to 250 were chosen because4.3 Sensitivity to Ozone Profile
this is a period with quite stable ozone lay@©0 to 320

DU). Therefore, the deviation of the ratio from 1.0 in Fig. 8 Ozone column amounts derived from the GUV and

should mainly be due to cloud cover. The ratio increases for NILU'[.JV |n.strument_s are basedona comparison ofa mea-
CLTs below 30 to 40%, which means that the ozone col- sured irradiance ratio with the same ratio computed with a
umn amount is overestimated. We conclude that if the radiative transfer model. To determine how sensitive the
CLT>30 to 40%, the influence of clouds on the measured derived ozone column amount is to the ozone profile used
ozone column amount is negligible. In the ozone compari- in the model, we derived ozone column amounts from day
sons presented in this paper, we used a 30% CLT criterion.208 in 2002 in Oslo from GUV 9222 with three different
In Oslo, more than 85% of the measurements in the period model profiles: a low-latitude, a midlatitude, and a high-
1995 to 2003 had CLTs30%. latitude ozone profile from TOMS version 7 ozone profile

300 -

CLT [*%]

Oone [OU]

40
230
220
20
s}
200 ]
4 -] ] 10 12 14 16 18

UTC Hours

Fig. 7 NILU-UV 13 ozone measurements (thick solid line, left axis) and Brewer 042 measurements
(diamonds) on day 197, 2002, in Oslo. The variation in cloud cover, CLT (right axis), is also shown (thin
solid line). (Coordinated universal time: UTC).
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Fig. 8 Cloud effects on NILU-UV 13 ozone measurements in Oslo between day 240 and day 250 in
2002 (2500 single measurements). Only measurements with SZA<60 deg are included.

climatology. Figure 9 shows the ozone column amounts surface UV-B irradiances. This is due to the relatively
derived from the GUV with the low- and high-latitude pro- longer path length through the tropospheric than through
files relative to that derived with the midlatitude profile as a the stratospheric ozone. The path length increase is caused
function of SZA on day 208 in Oslo in 2002. An important by the relatively larger contribution of diffuse radiation in
result is that the measured ozone column amount is inde-the troposphere compared to the stratosphere. This was fur-
pendent of the profile for SZA65 deg. For large SZA  ther discussed by Tsay and Stamfesho noted that the
values, the derived ozone column amount depends stronglydiffuse radiation depends on two competing fact¢is:in-

on the ozone profile. This is a well-known effect that is creased absorption by tropospheric ozone due to larger path
used to derive ozone profiles from measurements of scat-lengths of photons in the troposphere d@gdenhancement
tered solar UV radiation from the zenith directibhThe of the source of diffuse radiation in the troposphere due to
dependency of ozone profile on UV-B irradiances was dis- an increase in the direct beam radiation passing through the
cussed by Bruhl and Crutz€m shift of ozone from the stratosphere. The first factor leads to a decrease in the dif-
stratosphere to the troposphere will lead to a decrease infuse radiation, the second to an increase. The latter factor
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Fig. 9 Sensitivity to ozone profile on ozone derived from GUV 9222 on day 208 in Oslo in 2002:

high-latitude profile relative to midlatitude profile (solid line), and low-latitude relative to mid-latitude

profile (dashed line).
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Fig. 10 SZA dependency on NILU-UV 13 ozone measurements in Oslo during days 190 to 220 of
2002 (8800 single ozone measurements).

depends strongly on the SZA, while the former does not. SZA<80 deg. The deviations from 1.0 seen in the figure
This explains why a high-latitude ozone profile gives more (however, rather smallmay partly be due to clouds and
UV-B radiation at the surface than a low-latitude ozone real changes in total ozone with time.

profile for large SZAs and vice versa. However, the effect

is very small for small SZAs, as demonstrated by Fig. 9. 45 Comparison of UV Dose Rates Measured by

NILU-UV and GUV

4.4 Solar Zenith Angle Dependency NILU-UV 13 is operated at NILU, Kjeller, and GUV 9222

A high-quality ozone instrument should show no or only is located 20 km away at the University of Oslo. Therefore

small SZA dependencies. Figure 10 shows each single-a comparison of the two instruments is difficult unless the

minute-average ozone measurement from NILU-UV 13 in sky is clear at both sites. Figure 11 shows dose rates from
Oslo divided by its corresponding Brewer direct sun noon both sites on day 187, 2002, which was clear. In Fig. 12,

value as a function of SZA for the period day 190 to day the ratio of Commission Internationale de I'Eclairgd§XE)

220 in 2002. No obvious SZA dependency is observed for dose ratesGUV/NILU-UV ) for the same day as a function

160
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2 4 6 8 10 12 14 16 18 20
UTC Hours

Fig. 11 CIE weighted UV dose rates measured by GUV 9222 at the University of Oslo, Norway (solid
line), and NILU-UV 13 at NILU, Kjeller, Norway (dotted line), on day 187 of 2002. The distance
between the GUV and the NILU-UV is 10 km. The sky was clear at both sites.

Optical Engineering 041010-8 April 2005/Vol. 44(4)
Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/25/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Dahlback et al.: Comparison of data . . .

1.10
1.08 MJJ

1.06

1.04 /%/
102 | ﬂJ
1-00 T '\V '

0.96 1
0.94

GUVINILU-UV

0.92 |

0.90 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
35 40 45 50 55 60 65 70 75 80

SZA [Degrees]

Fig. 12 Ratio GUV/NILU-UV as a function of solar zenith angle for the data in Fig. 11.

of SZA is shown. The two instruments agree withir2% the National Aeronautics and Space Administration God-
for SZA<63 deg. The increasing deviation for larger SZAs dard Space Flight CentgiNASA/GSFQ. We appreciate
may partly be due to different cosine responses. However, constructive criticism and suggestions from two anony-
since the instruments are not located at the same site, thgngus reviewers.

differences for large SZAs may partly be due to different

local effects.

5 Conclusions
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